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SUMMARY
Celsian matrix composites reinforced with Hi-Nicalon fibers, precoated with a dual layer of
BN/SiC by chemical vapor deposition in two separate batches, were fabricated. Mechanical
properties of the composites were measured in three-point flexure. Despite supposedly identical
processing, the composite panels fabricated with fibers coated in two batches exhibited
substantially different mechanical behavior. The first matrix cracking stresses (_m_) of the
composites reinforced with fibers coated in batch 1 and batch 2 were 436 and
122 MPa, respectively. This large difference in CYmc was attributed to differences in fiber sliding
stresses ('cfn_t_o.), 121.2+48.7 and 10.4+3.1 MPa, respectively, for the two composites as
determined by the fiber push-in method. Such a large difference in values of 'tfr,_t_,,. for the two
composites was found to be due to the difference in the compositions of the interface coatings.
Scanning Auger microprobe analysis revealed the presence of carbon layers between the fiber and
BN, and also between the BN and SiC coatings in the composite showing lower "tfr,_t,o,. This
resulted in lower 6,,c in agreement with the ACK theory. The ultimate strengths of the two
composites, 904 and 759 MPa, depended mainly on the fiber volume fraction and were not
significantly effected by "tfr,_,o. values, as expected. The poor reproducibility of the fiber coating
composition between the two batches was judged to be the primary source of the large differences
in performance of the two composites.
1. INTRODUCTION
Silicon carbide fiber reinforced celsian matrix composites are being investigated (refs. 1 to 6)
as high-temperature structural materials for applications in the hot sections of turbine engines.
Recently, we observed a large difference in the values of the first matrix cracking stresses of
BN/SiC coated Hi-Nicalon fiber-reinforced 0.75BaO-0.25SrO-AI203-2SiO z (BSAS) celsian
composites made under identical processing conditions, but using fibers which were coated at two
different times by the same vendor. The primary objective of the current study was to investigate
the reasons for this large difference in the behavior of the two composites. The mechanical
properties were measured in three-point flexure. The fiber/matrix interface was characterized by the
fiber push-in technique and the chemical compositions of the fiber coatings were analyzed by
scanning Auger microprobe analysis.
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2. MATERIALS AND EXPERIMENTAL METHODS
Polymer derived Hi-Nicalon fiber tows (1800 denier, 500 filaments/tow) with low oxygen
content from Nippon Carbon Co. were used as the reinforcement. A dual layer of BN overcoated
with SiC was applied on the fibers surfaces by 3M in two separate batches, batch 1 and 2, using a
continuous chemical vapor deposition (CVD) reactor. The polyvinyl alcohol (PVA) sizing on the
as-received fibers was burned off in air by passing through a tube furnace before coating the fibers.
The BN coating was deposited at -1050 °C utilizing a proprietary precursor and was amorphous
to partly turbostratic in nature. A thin overcoating of SiC was deposited to the BN-coated fibers.
The SiC layer was crystalline. The nominal coating thicknesses were 0.4 lam for BN, and 0.3 !ttm
for SiC.
The elemental compositions of the fiber near the surface and of the fiber surface coatings were
analyzed with a scanning Auger microprobe (Fisons Instruments Microlab Model 310-F). The
fibers for this analysis were mounted on a stainless steel sample mount by tacking the ends with
colloidal graphite. Depth profiling was performed by sequential ion-beam sputtering and Auger
analysis. The ion etching was done with 3 keV Argon ions rastered over an -I mm 2 area. The etch
rate in Ta205 under these conditions was 0.05 nm/s. Auger electron spectroscopy (AES) analysis
of the coated Hi-Nicalon fibers was performed using an electron beam current of -1.5 nA. The
beam was rastered over a 2×20 l.tm area of the fiber with the long axis of the area aligned with the
long axis of the fiber. Spectra were acquired in integral mode at a beam energy of 2 keV and depth
profiles were generated by plotting elemental peak areas against ion etch time. The atomic
concentrations were calculated by dividing the peak areas by the spectrometer transmission
function and the sensitivity factors for each peak, then scaling the results to total 100 percent. The
sensitivity factors were derived from spectra of ion etched Si, B, SiC, BN, and TiO 2 standards.
The depth scale is from the Ta205 calibration and no attempt has been made to adjust for the actual
etch rate for each material. Only the fibers with a smooth surface coating, rather than those having
thick and rough coating morphologies, were used for Auger analysis.
The fiber-reinforced composites were fabricated by mpregnation of the fiber tows with the
matrix slurry as described earlier (ref. 7). The precursor to the celsian matrix of 0.75BaO-
0.25SrO-AI,O3-2SiO 2 composition was synthesized by a solid state reaction method as reported
elsewhere (ref. 8). The precursor powder consisted (ref. 81 of mainly SiO 2 (o_-quartz) and BaAI20 _
phases with small amounts of Ba2SiO 4, o_-A1203, and BazSr 2 AI207 also present. This powder was
made into a slurry by dispersing in an organic solvent and ball milling along with various organic
additives which acted as binder, surfactant, deflocculant and plasticizer. Tows of BN-SiC coated
Hi-Nicalon fibers were spread using rollers and coated with the matrix precursor by passing
through the slurry. Excess slurry was squeezed out of tt_e fiber tow before winding it (26 fiber
tows/in.) on a rotating drum. The prepreg tape was allov, ed to dry and then cut to size. Unidirec-
tional fiber-reinforced composites were prepared by prepreg tape lay up (12 plies) and warm
pressing which resulted in a "green" composite. The fugitive organics were slowly burned out of
the sample in air, followed by hot pressing under vacuum in a graphite die. The resulting
composites were almost fully dense. The hot pressed fiber'-reinforced composite panel was surface
polished and sliced into test bars (-50.4×6.4×1.9 mm) fol mechanical testing.
X-ray diffraction (XRD) patterns were recorded at room temperature using a step scan
procedure (0.02°/20 step, time/step 0.5 or i s) on a Phil ips ADP-3600 automated diffractometer
equipped with a crystal mono-chromator employing copper K,_ radiation. Density was measured
from dimensions and mass as well as by the Archimedes method. Microstructures of the polished
cross-sections and fracture surfaces were observed in an c_ptical microscope as well as by a JEOL
JSM-840A scanning electron microscope (SEM). Priol to analysis, a thin carbon coating was
evaporated onto the SEM specimens for electrical conduc ivity.
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Mechanical properties were determined from stress-strain curves recorded in three-point
flexure using an Instron machine at a crosshead speed of 0.127 cm/min (0.05 in./min) and support
span (L) of 40 mm. Strain gauges were glued to the tensile surfaces of the flexure test bars. The
first matrix cracking stress, o,n_-, was calculated from the stress-strain curves where the curve
deviates from linearity. The elastic modulus of the composite was determined from the linear
portion of the stress-strain curve.
Cyclic fiber push-in tests were performed using a desktop apparatus previously described
(ref. 9), but with the addition of a symmetrically placed pair of capacitance gauges for
displacement measurements. Thin sections of the composites, cut normal to the fiber axis with a
diamond saw, and polished down to a O. 1 lam finish on both top and bottom faces were tested.
Final specimen thickness was typically about 3 mm. Fibers were pushed in using a 70°-included -
angle conical diamond indenter with a 10 _m diameter flat base. To prevent the sides of the conical
indenter from impacting the matrix, push-in distances were restricted to just a couple of microns.
Unless otherwise noted, each test consisted of five cycles of loading and unloading between a
selected maximum load and a minimum load of 0.01 N at room temperature in ambient
atmosphere.
3. RESULTS
3.1. Microstructure
SEM micrographs taken from the polished cross-sections of the two composites (fig. 1)
indicate uniform fiber distribution and good matrix infiltration within the fiber tows resulting in
high composite density. Occasional pores within the fiber tows are present. The outer SiC coating
has debonded from some of the fibers in both composites. However, the BN/SiC duplex coating
was completely detached from some of the fibers in the CMC reinforced with batch 2 coated fibers
as seen in figure l(d) which represents the worst case (atypical). XRD patterns taken from the
polished surface of the CMC panels indicated the presence of only monoclinic celsian. This
implies that the desired monoclinic celsian phase is formed in situ, from the oxide precursor
during hot pressing. No hexacelsian was detected from XRD.
3.2. Mechanical Properties
Typical stress-strain curves recorded in three-point flexure for the two composites are
presented in figure 2. The stress-strain curve for a hot pressed celsian monolith is also shown for
comparison. The monolith shows a modulus of 96 GPa, flexural strength of 131 MPa and fails in
a brittle mode as expected. Both CMCs show initial linear elastic behavior followed by deviation
from linearity. This indicates load transfer to the fibers beyond the proportional limit indicating a
true composite behavior. SEM micrographs of fracture surfaces after the flexure tests are shown in
figure 3. Extensive long lengths of fiber pullout are observed for both composites indicating
toughening behavior. Values of density, fiber volume fraction, elastic modulus and various
mechanical properties are given in table I. Both the composites show high ultimate strength in
accordance with the value of the fiber volume fraction. However, a large difference is observed in
the values of cyo,_,for the two composites. This is quite surprising because both composites were
processed under exactly similar conditions. The only difference was that the duplex BN/SiC
coating on the fibers used for fabrication of the two composites were deposited in two different
batches, but by the same vendor. The difference in fiber volume fractions in the two composites
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will have some effect on the residual thermal stresses, but not enough to account for the large
difference seen in the {_mc values.
3.3. Fiber-Matrix Interface
In order to determine whether differences in interfacial behavior were the source of the
disparity in CYrus,for the two composites with "similar" BN/SiC interphase coatings, fiber push-in
tests were carried out. A number of fibers were pushed in for each composite. Typical cyclic push-
in curves at room temperature for the two composites with BN/SiC interface coatings are shown in
figure 4. The data were analyzed by first subtracting the appropriate load-train compliance
correction from the measured displacements. An estimate of frictional sliding stress, "tfr_c,jo,,was
determined using the constant "tt,ct_o. model of Marshall and Oliver (ref. 10) which includes effects
of residual stresses, but does not consider fiber roughness or Poisson expansion. Values of 'rf,_,o°
were determined by fitting the compliance corrected data from the first reloading curve to the
relationship:
o ,,o (1)
where u is the fiber end displacement, u0 is the residual fiber end displacement after the previous
unloading, F is the applied load, It-is the fiber radius, and E l is the fiber modulus. While neglecting
Poisson expansion of the fibers leads to an overestimation of "tf,c,on values, the relative comparison
of "t:t_,_o lbr different coatings should be valid. In addition, a debond initiation stress, _d, could be
calculated from the debond initiation load, Fd, (load at which fiber end begins to move during first
loading cycle) by the relation
C d = Fd/rtr 2. (2)
The results of fiber push-in data are summarized in table I1. For the two composites with BN/SiC
interface coatings, values of _3d are 1.95_+0.87 and 0.31_+0.14 GPa and 'rf_i_,_o,are 121.2+48.7 and
10.4_+3.1 MPa, for batch 1 and 2, respectively. Thus, the _alues of debonding stress and frictional
sliding stress are much higher for composites with batch I coated fiber than with batch 2. Such a
large difference in the values of cyd and 'rrri_,_o,for the two composites, fabricated under same
conditions and having "similar" interface coatings, is quite surprising. To help explain this
difference, elemental compositions of the duplex BN/SiC coatings on the fibers were analyzed by
scanning Auger microprobe.
3.4. Scanning Auger An alysis
Elemental composition depth profiles obtained from szanning Auger microprobe analysis for
the two batches of BN/SiC coatings on Hi-Nicalon fibe's are shown in figure 5. The batch 1
coating consists of -0.7 _tm thick outer layer of slightly silicon-rich SiC followed by a boron-rich
BN layer-1.5 lam thick. The BN layer also contains -15 at % of carbon and -2 percent oxygen.
The thickness of the dual coating on this filament is r auch higher than the nominal coating
thickness of 0.4 !am BN and 0.3 _tm SiC. The batch 2 coating consists of -0.15 lam thick Si-rich
SiC followed by -0.6 _tm of carbon rich "BN." A carbon layer is also present between the SiC
and "'BN" coatings. Another predominantly carbon layer is observed between the "BN" and the
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fiber surface. Thus the coatings deposited on the fibers in the two batches differ in composition
and structure.
4. DISCUSSION
Microscopic examination (figs. 6 and 7) of the fiber pushed-in samples indicated the presence
of wear debris at the interface. The wear debris consists of thick sections of coating in composite
#1 (fig. 6) but only of thin sublayers of coating in composite #2 (fig. 7). The debonding occurs
primarily between the innermost coating and the fiber for both composites. Therefore, according to
the Auger results, interfacial sliding occurs at the fiber(SiC)/BN interface for composite #1 and at
the fiber(SiC)/carbon interface for composite #2. Comparison of oj and "_r,c,Jo,values for the two
composites indicate that the interface is more strongly bonded and the frictional sliding forces are
higher between fiber/BN in composite #1 than the fiber/carbon interface in composite #2. Brennan
et al. (ref. 11 ) obtained a value of 9.9___3.5 MPa for "c,n_,_o. for the Nicalon/LAS composites, from a
similar fiber push-in method using the analysis of Marshall and Oliver (ref. 10). This is consistent
with the observation of in situ formation of a thin carbon layer at the fiber/matrix interface during
processing of this composite. 'rfrict,o, values of 139_+95 and 124_+71 MPa have been reported
(refs. 11 and 12) for Nicalon/BN/SiC/BMAS and Nicalon/BN/SiC/LAS glass-ceramic matrix
composites from the fiber push-in technique as used in the current study. The BN/SiC fiber
coatings in these composites were also applied by 3M and the scanning Auger microprobe
analysis indicated these coatings to be similar to batch 1 coatings of the present work. Several
factors such as residual thermal clamping stresses, fiber roughness, and modulus and thickness of
the fiber coating which can control the former factors contribute to the value of 'tfr_c,on However,
values of zfo_,_oodiffering by a factor of about 12 in the two composites of the present study may be
attributed primarily to the much lower sliding friction between C/SiC versus BN/SiC interfaces
and also to the difference in the size of the wear debris at the interface.
By using a simple energy balance approach, in determining the stress necessary to propagate
cracks in brittle solids, the following equation has been derived (refs. 13 and 14) for the matrix
cracking stress, om_, in a composite consisting of a low failure strain matrix reinforced with high
failure strain continuous fibers:
Omc = [(12XfrictionFmVf2EfEc2)/{rf (1 - Vf)E2m }]1/3 (3)
where r" m is the matrix fracture surface energy, Vf is the fiber volume fraction, Ec, E,,, and Ef are
the elastic moduli of the composite, matrix and fiber, respectively and other terms have the same
meaning as above. It is apparent from this equation that the first matrix cracking stress can be
enhanced by increasing fiber-matrix interfacial sliding stress, by using fibers of smaller radius, and
by increasing the volume fraction of fibers. It might also be increased by using low modulus
matrix and high modulus fibers. The matrix microcracking may also be suppressed by placing the
matrix in compression through choosing c_ > or,,, although for isotropic fibers this will result in
contraction of the fibers away from the matrix and a potential decrease in fiber-matrix shear
strength. It is important to optimize the fiber-matrix bond strength as too strong a bond will result
in a brittle composite with low toughness. By using values of various parameters, as given above,
the ratio of (Oo,_,)b,t_ht and ((_mc)batch 2 for the two composites was calculated from equation (3) to be
3.29. This is in very good agreement with a value of 3.57 for the ratio of measured er values.
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5. SUMMARY OF RESULTS
A large difference in first matrix cracking stresses and fiber/matrix interface characteristics
were observed for celsian matrix composites reinforced with Hi-Nicalon fibers which had been
pre-coated with a dual layer of BN/SiC coating in two different batches by the same vendor. From
scanning Auger analysis, this difference in mechanical behavior of the two composites was traced
back to the differences in the compositions of the interface coatings. Carbon layers were present
between the fiber and the BN, and also between the BN and SiC coatings in the composite
showing lower values of first matrix cracking stress and frictional sliding stress. During fiber
push-in and mechanical testing, debonding and fiber sliding occurred at the interface between the
fiber and the innermost coating.
6. CONCLUSION:_
The composition of the fiber surface coating plays an important role in controlling the interface
at which the debonding occurs. This determines the fiber/matrix interfacial shear and frictional
sliding behavior which in turn controls the first matrix cracking stress of the composites, in
qualitative agreement with the micromechanical models. This study also indicates that obtaining
reproducible and consistent fiber coatings from commercial sources is a problem.
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TABLE I.--MECHANICAL PROPERTIES" OF Hi-NICALON/BSAS COMPOSITES
[Unidirectional; 12 Plies.]
Interface
coatin_
BN/SiC
(Batch 1)
CMC panel number
HI-NIC-BSAS- 1-29-96
BN/SiC HI-NIC-BSAS-6-24-97 3.09
(Batch 2)
"Measured at room temperature in 3-
Density V t E, cy me,
(_/cm 3) GPa MPa
3.05 0.43 164+4 436+32
0.32 137
_mc _
percent
0.27_+0.01
O H ,
MPa
904+_54
_tl'
percent
0.73 + 0.07
122 0.091 759 1.041
)oint flexure.
TABLE II.--FIBER PUSH-IN DATA FOR Hi-NICALON/BSAS
Interface
coatin_
BN/SiC
(Batch 1)
COMPOSITES
[Unidirectional; 12 Plies.
CMC panel number Number V,
HI-NIC-BSAS-6-6-96
of tests
5O
BN/SiC HI-NIC-BSAS-6-24-97 19
(Batch 2)
0.39
0.32
_d' _ction '
GPa MPa
1.95_+0.87 121.2±48.7
0.31_-/-0.14 10.4±3.1
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, _Q •
(C) 100 I_m (d) 1 iJm
Figure 1 .--SEM micrographs of polished cross-sections of unidirectional HiNicalon/BN/SiC/
Celsian composites: (a, b) batch I composite and(c, d) t)atch 2 composite.
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09
BN/SiC Batch
600 /_ BN/SiC Batch 2/40O
200 _BSAS Monolith
0 I I
0 0.2 0.4 0.6 0.8 1.0
Strain (%)
Figure 2.--Apparent stress-strain curves recorded
in three-point flexure for celsian matrix composites
reinforced with Hi-Nicalon fibers coated with BN/SiC
in two separate batches. Also shown for comparison
are the results for a hot pressed BSAS monolith.
1.2
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(b) 100 Hm
Figure 3.--SEM micrographs showing fracture sur-
faces of celsian matrix composites reinforced with
Hi-Nicalon fibers coated with BN/Si(; in two separate
batches: (a) batch 1 coating, (b) bat( h 2 coating.
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1.4
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0.8
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I I I
BN-SiC (Batch 1)
df=19.1mm _
_oo=28Gpaf _
_ _//130_/J_ ;_i 19"MiPaBN'SiC (Batch 2)
Debond I _ J O__
0.0
Fiber Displacement (1 t_m/div)
Figure 4.reLoad versus fiber displacement curves recorded during
fiber push-in testing of celsian matrix composites reinforced with
Hi-Nicalon fibers coated with BN/SiC in two separate batches.
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Figure 5._Scanning Auger microprobe depth profiles of various elements for Hi-Nicalon fibers having a
duplex BN/SiC surface coating deposited by CVD: (a) coatir g batch #1, and (b) coating batch #2.
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Wear debris regions
Clean failure region
m
1 _m
Figure 6.---SEM micrographs showing interface failure during fiber push-in for celsian matrix composites
reinforced with Hi-Nicalon fibers coated with BN/SiC in batch 1,
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Wear debris regions
i
Clean failure region
m
1 _m
Figure 7._SEM micrographs showing interface failure during l iber push-in for celsian matrix composites
reinforced with Hi-Nicalon fibers coated with BN/SiC in batc _ 2.
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composites.
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